Combing Gaia DR2 with LAMOST DR5, we spectroscopically identified 924 hot subdwarf stars, among which 32 stars exhibit strong double-lined composite spectra. We measured the effective temperature T eff , surface gravity log g, helium abundance y = nHe/nH, and radial velocities of 892 non-composite spectra hot subdwarf stars by fitting LAMOST observations with Tlusty/Synspec non-LTE synthetic spectra. We outlined four different groups in the T eff − log g diagram with our helium abundance classification scheme and two nearly parallel sequences in the T eff − log(y) diagram. 3D Galactic space motions and orbits of 747 hot subdwarf stars with (G BP − G RP ) 0 < −0.36 mag were computed using LAMOST radial velocities and Gaia parallaxes and proper motions. Based on the U − V velocity diagram, J z −eccentricity diagram, and Galactic orbits, we derived Galactic population classifications and the fractional distributions of the four hot subdwarf helium groups in the halo, thin disk and thick disk. Comparisons with the predictions of binary population synthesis calculations (Han 2008) suggest that He-rich hot subdwarf stars with log(y) ≥ 0 are from the double helium white dwarfs merger, He-deficient hot subdwarf stars with −2.2 ≤ log(y) < −1 from the common envelope ejection, and He-deficient hot subdwarf stars with log(y) < −2.2 from the stable Roche lobe overflow channels. The relative number of He-rich hot subdwarf stars with −1 ≤ log(y) < 0 and log(y) ≥ 0 in the halo is more than twice the prediction of Zhang et al. (2017), even more than six times in the thin disk, which implies that the mergers of helium white dwarfs with low mass main sequence stars may not be the main formation channel of He-rich hot subdwarf stars with −1 ≤ log(y) < 0, specially in younger environments.
INTRODUCTION
Hot subdwarf stars are core helium-burning stars. Their optical spectra resemble that of O and B main sequence (MS) stars, but their typical luminosity is much lower than on the MS. In the Hertzsprung-Russell (HR) diagram they are located at the blue end of the horizontal branch (HB) below O and B type MS, also known as the extreme horizontal branch (EHB). In general, these stars were traditionally divided into O type subdwarf (sdO) and B type subdwarf (sdB) stars based on their spectral features (Drilling et al. 2013) . They were discovered in all Galactic stellar populations (Heber 2009 (Heber , 2016 and turned out to be important objects to account for the U V excess in the spectra of elliptical galaxies and the bulges of spiral galaxies (Han et al. 2007) , and they play an important role to understand the horizontal branch morphology of globular clusters (Han 2008; Lei et al. 2013 Lei et al. , 2015 . They also play a key role in stellar astrophysics. Most hot subdwarf stars display large anomalies of helium abundances, which may be an ideal trace element to explore diffusion processes in stellar atmospheres (Edelmann et al. 2003; Heber 2016; Byrne et al. 2018 ). Moreover, a few helium-rich hot subdwarf stars exhibit extreme surface chemical compositions, with abundances of lead, zirconium, strontium, and yttrium up to 10 000 times the solar value (Naslim et al. 2011 (Naslim et al. , 2013 Jeffery et al. 2017) . Several classes of pulsating stars have been discovered among hot subdwarfs, so that asteroseismology has become an important tool to probe their interior structure (Fontaine et al. 2012; Østensen et al. 2014; Zong et al. 2018; Saio & Jeffery 2019) . Hot subdwarf binaries with massive CO white dwarfs have been proposed as a formation channel of type Ia Supernovae (Justham et al. 2009; Wang et al. 2009; Wang & Han 2010; Geier et al. 2013 Wang 2018) . Binary systems consisting of hot subdwarf stars and neutron stars are potential gravitational wave sources that might be resolved by the Laser Interferometer Space Antenna (LISA) in the future (Wu et al. 2018 ). More details on hot subdwarf stars have been given by Heber (2009) and recent developments in this rapidly evolving field have been reviewed by Heber (2016) .
However, the formation of hot subdwarf stars is still wrapped in mystery. The main difficulty is how to lose almost the complete hydrogen envelope prior to or at the beginning of the helium core flash. A number of scenarios trying to interpret the formation of hot subdwarf stars have been put forward. Due to the findings of the high fraction of binaries amongst hot subdwarfs, interacting binary evolution through common envelope (CE) ejection, stable Roche lobe overflow (RLOF) and the merger of double helium white dwarfs (HeWD) were proposed to be the main formation channels (Webbink 1984; Han et al. 2002 Han et al. , 2003 . The first two channels are responsible mainly for sdB stars and the last one for He-rich sdO stars (Han et al. 2002; Han 2008; Zhang & Jeffery 2012) . Both the late hot-flasher scenario (D'Cruz et al. 1996; Moehler et al. 2004; Miller Bertolami et al. 2008 ) and the mergers of helium white dwarfs with low mass main squence stars (Zhang et al. 2017) provide further options to explain some observed intermediate heliumrich hot subdwarf stars. Although these models can explain the current observations of hot subdwarfs, none of them appears entirely satisfactory. The main reason is that some crucial physical processes (mass loss on the red-giant branch, surface element diffusion, common-envelope evolution, mass transfer, etc.) cannot be dealt with the desired accuracy (Heber 2016) . On the other hand, the currently available observations (Edelmann et al. 2003; Lisker et al. 2005; Stroeer et al. 2007; Hirsch 2009; Németh et al. 2012; Geier et al. 2011 Luo et al. 2016; Lei et al. 2018 ) cannot provide enough information to constrain these models. Therefore, kinematic investigations and spectral analyses on large and homogeneous samples are very valuable to understand the formation of hot subdwarf stars.
LAMOST (the Large Sky Area Multi-Object Fiber Spectroscopic Telescope, also named the "Guo Shou Jing" Telescope) is a 4-m specially designed Schmidt survey telescope located at the Xinglong Station of the National Astronomical Observatories of the Chinese Academy of Sciences, which can simultaneously take the spectra of 4000 objects in a field of view of about 5
• in diameter (Cui et al. 2012) . Up to December of 2017, the LAMOST survey has obtained more than 9 million spectra, which were internally released as Data Release 5 (DR5; see http://dr5.lamost.org). A total of 166 hot subdwarf stars were identified from the LAMOST DR1 spectra by Luo et al. (2016) . Gaia, as the astrometric successor of the Hipparcos mission of the European Space Agency (ESA), is an ambitious space mission designed for measuring highly accurate positions, parallaxes and proper motions of about one billion stars in the Milky Way. Gaia DR2 is setting a major step in finding hot subdwarf stars, because it provides more than 1.3 billion sources with high precision positions, trigonometric parallaxes, and proper motions as well as three broad band magnitudes (G, G BP , and G RP ) (Gaia Collaboration et al. 2018a,b,c) . Geier et al. (2019) published an all-sky catalogue of 39 800 hot subdwarf candidates selected from Gaia DR2. Lei et al. (2018) spectroscopically confirmed 294 new hot subdwarf stars in Gaia DR2 with LAMOST DR5 spectra. The combination of LAMOST spectra with Gaia data provides a good opportunity to reveal the origins of the different types of hot subdwarf stars because some new observational constraints can be outlined from kinematics and spectral analyses. This paper presents the spectral analyses of 892 non-composite spectra hot subdwarf stars and the kinematics of 747 stars with LAMOST DR5 spectra and Gaia DR2. In Section 2, we describe LAMOST DR5, GAIA DR2 and our sample selection. Section 3 gives the determination of atmospheric parameters and the physical properties of hot subdwarf stars. Section 4 and 5 present the Galactic space distributions and kinematics of all targets. Galactic orbits are computed in Section 6. Galactic population classifications of the different helium abundance hot subdwarf stars are presented in Section 7 and conclusions are drawn in Section 8.
2. DATA AND SAMPLE SELECTION 2.1. Data LAMOST DR5 was released to the public in December of 2017 and published more than 9 million spectra, including 8 171 443 stars, 153 090 galaxies, 51 133 quasars, and 642 178 unclassified objects. LAMOST DR5 also provided the effective temperatures, surface gravities, and metallicities of 5 344 058 stars. The target selection algorithm and strategy of observations of the LAMOST Spectroscopic Survey can be found in Carlin et al. (2012) ; Chen et al. (2012); Zhang et al. (2012); Xiang et al. (2015) ; Yuan et al. (2015) . The LAMOST spectra are similar to the SDSS data having the resolution R ∼ 1800 and wavelength coverage of 3800 − 9100Å. Three data processing pipelines were developed by the LAMOST data center (Luo et al. 2012 (Luo et al. , 2014 . The details have been described in Luo et al. (2016) .
Gaia DR2 was released on 25 April 2018 and provided high-precision positions, proper motions, and trigonometric parallaxes as well as three broad-band magnitudes (G, G BP , and G RP ) for more than 1.3 billion objects with a limiting magnitude of G = 20 and a bright limit of G = 3 (Gaia Collaboration et al. 2018a,b,c) . Parallax uncertainties are up to 0.04 milliarcseconds (mas) for sources with G < 15, around 0.1 mas for sources at G = 17, and around 0.7 mas for sources at G = 20. The corresponding uncertainties in proper motions are in the range of 0.06 mas yr −1 for G < 15, 0.2 mas yr −1 for G = 17, and 1.2 mas yr −1 for G = 20. For a detailed description of the Gaia DR2 data, see Gaia Collaboration et al. (2018c,d) .
Sample selection
We utilized the Gaia HR diagram to select targets. Hot subdwarf candidates can be identified visually in the Gaia HR diagram (Lei et al. 2018 ). There are more than 8 million common sources by cross-matching LAMOST DR5 and Gaia DR2. Due to the effects of extinction, there are many hot subdwarfs in the overlap region with O and B type MS stars. In order to plot de-reddened HRD, Gaia color G BP − G RP and magnitude G were corrected by following the method of Hattori et al. (2018) . Firstly, we obtained the B − V color excess E(B − V ) from the dust maps of Schlegel et al. (1998) and then estimated the V − I color excess E(V − I) with the relation of E(V − I) = 1.18E(B − V ) (Schlafly & Finkbeiner 2011) . Finally, the Gaia color excess E(G BP − G RP ) was inferred from the relationship:
(1) (Evans et al. 2018) . The extinctions in the Gaia G band were approximately estimated by assuming A G ∽ A V (Hattori et al. 2018 ) and the absolute magnitudes were calculated by using M G = G + 5 + 5 log(1/ω) − A G , whereω denotes the parallax. Fig. 1 shows the de-reddened HR diagram. The figure clearly shows that hot subdwarf stars occupy the region of −1.0 ≤ (G BP − G RP ) 0 ≤ 0.0 and 0 ≤ M G ≤ 7.0. To avoid a significant contamination with O and B type MS stars in red end, we defined a trapezoidal selection cut, which resulted in 1819 hot subdwarf candidates with LAMOST DR5 and Gaia DR2 data. After filtering out bad spectra, MS stars and WDs, we obtained the resulting 924 stars having suitable spectra (signal-to-noise ratios S/N > 10 in magnitude g) for a spectral analysis by visual comparisons to reference spectra of hot subdwarf stars. There are 32 stars in Table 1 that show strong double-lined composite spectra. Their spectra have noticeable MgI triplet lines at 5170Å or CaII triplet lines at 8650Å, which were taken as indications of a late type companion (Heber 2009 ). Unfortunately CaII triplet lines are seriously polluted by sky emission lines in some LAMOST spectra.
Due to the radial velocity variations in binary systems, the observed radial velocity measurement at a single epoch cannot give a sufficient representation of the systems' movement. When we calculated the Galactic space velocities and orbits, we excluded binary systems from our sample as much as possible. To do this, we adopted two-color diagram using the V − J versus J − H magnitudes and the Gaia HR diagram as demonstrated in Fig. 2 . Optical V magnitudes were acquired from the Guide Star Catalog (GSC2.3.2; Lasker et al. 2008 ) and infrared (IR) J and H magnitudes from the Two Micron All-Sky Survey (2MASS; Cutri et al. 2003) . The left panel of Fig. 2 exhibits a two-color diagram of V −J versus J −H for only 510 hot subdwarf stars in our sample because these two colors are not available for the other 414 stars. The right panel shows their positions in the Gaia HR diagram. Following the method of Geier et al. (2017) , we used the color criterium V − J > 0.1 to distinguish binary systems. There are 60 binary systems distinguished by V − J > 0.1 in the V − J versus J − H two-color diagram. The distribution of these 60 binary systems in the HR diagram of M G versus (G BP − G RP ) 0 shows that less than 3% of the composite spectrum binaries are in the range of (G BP − G RP ) 0 < −0.36 while in other regions (e.g.: (G BP − G RP ) 0 ≥ −0.36) this fraction is more than 50%. After filtering out stars with double-lined composite spectra, we obtained 747 hot subdwarf stars with radial velocities reliable for calculating their Galactic space motions and orbits in the region of (G BP − G RP ) 0 < −0.36.
With a global census for the whole sky, homogeneous astrometry and photometry of unprecedented accuracy, Gaia DR2 provides the most complete HR diagram (Gaia Collaboration et al. 2018b) , which is a very important tool to check the completeness of the sample. Geier et al. (2019) presented a catalogue of 39 800 hot subdwarf candidates selected from Gaia DR2, which is the most complete catalogue of hot subdwarf candidates. There are 9 958 stars located in our selection area. Figure 3 shows a comparison of the cumulative functions of the Gaia color (G BP − G RP ) 0 and absolute magnitudes M G between this study and Geier et al. (2019) . Overall, the two sets of the cumulative functions are quite similar and the Kolmogorov-Smirnov (K.S.) test gives a P value of 0.94 and 0.92, respectively.
3. ATMOSPHERIC PARAMETERS AND PHYSICAL PROPERTIES 3.1. Model atmosphere calculations All the non-LTE H-He composition model atmospheres of hot subdwraf stars were computed with the code Tlusty (Hubeny & Lanz 1995) , version 205. The corresponding spectral synthesis was performed using the spectrum synthesis code Synspec (Hubeny & Lanz 2011) , version 51. A detailed description of these programs can be found in the corresponding User's Guides (Hubeny & Lanz 2017a,b,c) . Model atmospheres were calculated in plane-parallel geometry. The horizontally homogeneous atmospheres are in hydrostatic and radiative equilibrium. The model atoms of H and He were taken from the BSTAR database (Lanz & Hubeny 2007) . The H line profiles are computed using the Stark broadening tables of Tremblay & Bergeron (2009) . Detailed line profiles of four HeI lines (λ4026,λ4388,λ4471, and λ4922Å) are treated using the special line broadening tables of Mihalas et al. (1974) , and HeII line profiles are given through the Stark broadening tables of Schoening & Butler (1989) .
Radial velocity
The published radial velocities of LAMOST spectra are not reliable for hot subdwarf stars, because these stars are not included in LAMOST stellar templates. Therefore we measured radial velocities with respect to the synthetic spectra of hot subdwarf stars. The observed spectra are cross-correlated with synthetic spectra templates to determine the radial velocities. All spectra are continuum normalized, Fourier-transformed and convolved with the transform of each template. For each template, the radial velocity and error is determined by using a Gaussian function to fit the cross-correlation function. The final radial velocity chosen is the one with the highest confidence value.
Spectral analysis
Following the method of Németh et al. (2012) , atmospheric parameters (effective temperature T eff , surface gravity log g and He abundances y = nHe/nH) were measured by fitting the observations with a grid of synthetic spectra. The synthetic spectra were convolved with a Gaussian profile to degrade the resolution to the LAMOST resolution of R = 1800. Then they were normalized in 80Å sections and fitted to the LAMOST flux calibrated observations. We used the wavelength range of 3800 − 7200Å, which covers all significant H and He lines in LAMOST spectra. We applied the Levenberg-Marquardt minimization algorithm from the LMFIT 1 package to determine the best fitting parameters and estimate the standard errors of the free parameters.
A total of 892 single-lined hot subdwarf spectra were analyzed and the rest were left for a forthcoming work. Table 2 lists the atmospheric parameters of these 892 stars. Figure 4 shows the comparisons of atmospheric parameters of 163 common stars between this study and Geier et al. (2017) , for which T eff , log g and log(y) are simultaneously available. As reported by Lei et al. (2018) , T eff and log(y) for both sample are quite similar. Although log g exhibits a larger dispersion than the former two parameters, our results agree with the values presented in the catalogue of Geier et al. (2017) . Figure 5 plots the distribution of hot subdwarf stars in T eff − log g diagram. We marked the location of the zero age He main sequence (ZAHeMS) given by Paczyński (1971) and the EHB band shown in Fig. 5 in Németh et al. (2012) . The EHB band is defined as the region between the zero age extended horizontal branch (ZAEHB) and the terminal age extended horizontal branch (TAEHB) derived from evolutionary tracks of Dorman et al. (1993) for solar metallicity and a subdwarf core mass of 0.47M ⊙ . Three evolutionary tracks of Dorman et al. (1993) for solar metallicity and subdwarf masses of 0.471, 0.473, 0.480M ⊙ and the observed boundary of g−mode and p−mode pulsating sdB stars (Charpinet et al. 2010 ) are also marked in Fig. 5 .
Physical properties
Classically, hot subdwarf stars were classified as He-rich and He-deficient with respect to the solar helium abundance log y = −1. Moreover, He-rich and He-deficient stars can also be independently divided into two groups via log(y) = 0 and log(y) = −2.2. As described by Németh et al. (2012) ; Luo et al. (2016) , the two groups of He-deficient stars correspond to g−mode and p−mode pulsating sdB stars in EHB in T eff − log(g) diagram. However, in spite of this correlation the pulsational instability of individual stars cannot be inferred from their position in the T eff −log g −log(y) parameter space. Likewise, He-rich stars were classified to extreme He-rich and intermediate He-rich groups via n He = 80% by Martin et al. (2017) . Our classification scheme inherently associates the two groups with different formation channels in the T eff − log(y) diagram.
Figure 5 reveals four different groups of hot subdwarf stars in the T eff − log g diagram via our helium abundance classification scheme. As seen in both Németh et al. (2012) and Luo et al. (2016) , He-deficient sdB stars (log(y) < −1) show two groups on the EHB band. One is composed of the lower temperature, gravity and He abundance sdB stars (log(y) < −2.2). They lie to the right of the observed boundary of g−mode and p−mode pulsating sdB stars and are identified as potential g−mode pulsators. Another group is the higher temperature, gravity and He abundance sdB stars (−2.2 ≤ log(y) < −1) which are on average ten times more He abundant than the former group. These stars are located to the left of the observed boundary of g−mode and p−mode pulsating sdB stars and are considered as potential p−mode pulsators. To the left of the EHB band, He-rich stars also exhibit two groups at higher He abundances. One is consisted of the He-rich sdO stars (log(y) ≥ 0) between 40 000 K and 57 000 K near log g = 6.0 around the theoretical ZAHeMS. Compared to LAMOST DR1 (Luo et al. 2016) , the five times larger hot subdwarf sample in our work shows clearly that half of the He-rich sdO stars are located below the theoretical ZAHeMS. Another group is the mix of the intermediate-He sdO/sdB stars (−1 ≤ log(y) < 0) around T eff = 38000 and log g = 5.9. In addition, our sample shows a gap between T eff > 57 000 and T eff < 63 000 where only a few sdO stars can be found and was not reported in LAMOST DR1 (Luo et al. 2016 ). These observations are consistent with the results of previous reports (Hirsch 2009; Németh et al. 2012; Luo et al. 2016; Lei et al. 2018 ).
The T eff − log(y) diagram is another important parameter space for understanding the formation and evolution of hot subdwarf stars. Fig. 6 shows the distribution of our sample in the T eff − log(y) diagram. Our sample shows the same He sequence as reported by earlier studies (Edelmann et al. 2003; Hirsch 2009; Németh et al. 2012; Luo et al. 2016; Lei et al. 2018) , with a clear trend having higher He abundances on average at higher temperatures. In order to compare with previous results, we plot two best-fit trends which can be described by the following relationships:
I : log(y) = −3.53 + 1.35(T eff /10 4 K − 2.00),
II : log(y) = −4.26 + 0.69(T eff /10 4 K − 2.00).
The former is taken from Edelmann et al. (2003) and the latter from Németh et al. (2012) . The majority of hot subdwarf stars lie near or above the first sequence. Four groups corresponding to those in T eff − log g diagram also appear in this sequence. The first best-fitting trend is able to match He-deficient stars located in the first sequence, but cannot be suitable for He-rich stars. Compared with other stars in the first sequence, He-rich stars show a larger scatter in temperature. Although it seems that some He-rich stars distribute around the first best-fit trend, He-rich stars with log(y) ≥ 0 follow a contrary tendency: Helium abundance decreases with temperature and approach log(y) = −0.5 and He-rich stars with −1 ≤ log(y) < 0 also deviate from the best-fit trend. This distribution suggests that these two groups of He-rich stars may origin from different formation channels. These results are in good agreement with previous studies (Stroeer et al. 2007; Hirsch 2009; Németh et al. 2012; Luo et al. 2016; Lei et al. 2018) . He-deficient sdB/O stars form the second sequence. Although the distribution of stars in the second sequence shows a larger scatter, they can be matched with the second best-fitting trend. In addition, as reported by Németh et al. (2012) and Luo et al. (2016) , over T eff = 40 000 K, our sample shows a gap between log(y) > −1.5 and log(y) < 0. There are only a few stars with relatively low log g in this gap. Although many scenarios have been put forward to explain the formation and evolution of hot subdwarf stars, none of them appear entirely satisfactory. Han et al. (2002 Han et al. ( , 2003 proposed three main formation channels: the common envelope (CE) ejection, the stable Roche lobe overflow (RLOF), and the merger of double helium white dwarf (WDs) binaries and predicted distinct properties of hot subdwarf stars from these channels. Due to the difference in He abundance, we can outline two groups of sdB stars in the T eff − log(g) diagram and they also correspond to potential g−mode and p−mode sdB pulsators, respectively. Based on the analysis of long-period composite spectrum binaries (sdB+F/G) (Németh et al. 2012) , we associated the lower temperature and surface gravity group with the CE ejection channels and the high temperature and gravity group with the Roche-lobe overflow channel in the LAMOST DR1 sample (Luo et al. 2016) . However, more recent observations (Kawka et al. 2015; found that both short-and long period binaries occur in each group, implying that these groups have a mixture of stars with different formation history. Therefore, further investigations are needed to verify whether one can infer to the yields of various formation channels from these two groups.
As described in Martin et al. (2017) , He-rich stars with −1 ≤ log(y) < 0 present more of a challenge. In the T eff − log g and T eff − log(y) diagrams, He-rich stars with −1 ≤ log(y) < 0 show a group as marked in Figure 8 in Luo et al. (2016) . In this region Luo et al. (2016) identified only seven stars from LAMOST DR1 while we obtained 54 stars from LAMOST DR5. The correlations between He abundance and temperature for these stars are different from He-rich stars with log(y) ≥ 0 and from He-deficient stars. There are two possible and equally reasonable formation channels for these stars: the hot flasher scenario with tidally enhanced stellar wind in binary evolution (Lei et al. 2015) and the mergers of helium-core white dwarfs with low-mass MS stars (Zhang et al. 2017) . Although theoretical evolutionary tracks of these two formation channels can cover these stars in both the T eff − log g and T eff − log(y) diagrams, current observations cannot provide enough evidence to distinguish them. The distribution of He-rich stars with log(y) ≥ 0 are similar in other samples (Hirsch 2009; Németh et al. 2012; Luo et al. 2016; Lei et al. 2018) . Binary population synthesis models show that the double white dwarf merger channel can explain He-rich stars with log(y) ≥ 0. However, a recent study by Zhang & Jeffery (2012) shows that the evolutionary tracks from extensive calculations for the double HeWDs merger can only cover these stars above or near the HeMS in the T eff − log g diagram, but are not suitable for stars located below the HeMS. More than half of the He-rich stars with log(y) ≥ 0 in our sample lie below the HeMS in T eff − log g diagram.
As discussed by Luo et al. (2016) , the reasons for the correlations between helium abundance and temperature and the different structure of the sequences in the T eff − log(y) panel are not fully understood. The evolutionary sketches of Németh et al. (2012) are able to provide a qualitative picture for the LAMOST DR5 sample, they should be explored in detail with numerical models.
SPACE DISTRIBUTION
With the Gaia parallaxes (ω) and equatorial coordinates (α and δ), we calculated the position of hot subdwarf stars in right-handed Cartesian Galactic coordinates in which the X-axis is positive towards the Galactic Center, the Y -axis in direction of Galactic rotation and the Z-axis towards the North Galactic Pole. The distance of the Sun from the Galactic Center is taken to be 8.4 kpc (Schönrich et al. 2010) . In order to propagate the error on the input parameters, a Monte Carlo simulation was performed. For an input parameter x 0 , with error σ, the error of the output parameter f (x) can be obtained as follows: first 1 000 random x−values, obeying a Gaussian distribution, with mean value x 0 and standard deviation σ, are generated. Then f (x) is computed for all these x values and the mean value and error of f (x) are calculated. We applied such a Monte Carlo simulation to calculate the errors of the Galactic position components. Figure 7 shows the space positions of the four hot subdwarf helium groups in the X − Z diagrams. The left panel of Fig. 7 reflects that the space distributions of the two groups of He-deficient hot subdwarf stars do not show any obvious differences. The vast majority of He-deficient stars assembles near the disk and only a few stars disperse in the halo. The star density of the disk is much higher than of the halo and exhibits a sharp cut-off at |Z| ∼ 1.5 kpc, which is considered as the vertical scale height for the thick disk (Ma et al. 2017) . The space distribution of He-rich stars are shown in the right panel of Fig. 7 . The space density of the two group of He-rich stars shows a larger dispersion than the groups of He-deficient stars from the thin disk to halo. Moreover, these two groups of He-rich stars also exhibit a clear difference in space distribution. At |Z| > 1.5 kpc, the star density of He-rich stars with log(y) ≥ 0 is much higher than that of stars with −1 ≤ log(y) < 0. Their space distribution also indicates that the two groups of He-rich stars are likely to origin from different formation channels. In addition, there exists a sharp cut-off in the star density at |Z| ∼ 1.5 kpc for these four helium groups and stars with |Z| > 1.5 kpc show a diverse range in space distributions, which suggests that hot subdwarf stars with |Z| > 1.5 kpc have different kinematic origins.
KINEMATICS
As noted in subsection 2.2, the single measurement of the radial velocity cannot represent the systemic radial velocity of a hot subdwarf binary. In order to filter out binary systems from our sample, we selected 747 hot subdwarfs in the region of (G BP − G RP ) 0 < −0.36 as targets for kinematics, because the percentage of hot subdwarf stars with a companion in the selected region is estimated to be less than 3% via the V − J versus J − H diagram.
Calculation of Galactic velocities
Combining the five-parameter astrometric solutions (α,δ,ω, µ α cos δ, and µ δ ) provided by Gaia DR2 with the radial velocities (RV ) measured from LAMOST spectra, we computed space velocities of hot subdwarf stars in the Cartesian Galactic coordinates with the Astropy Python package. We took a right-handed Cartesian Galactic coordinate in which the X-axis is positive towards the Galactic Center. For the Cartesian Galactic velocities, we defined three components U , V , and W , where U is the Galactic radial velocity positive towards the Galactic centre, V is the Galactic rotational velocity in the direction of the Galactic rotation, and W is the component oriented towards the North Galactic Pole. The distance of the Sun from the Galactic centre is set to be 8.4 kpc and its velocity with respect to the local standard of rest (LSR) is taken to be (U ⊙ ,V ⊙ ,W ⊙ )=(11.1, 12.24, 7.25) km s −1 (Schönrich et al. 2010) . The velocity of the LSR is set to be 242 km s −1 (Irrgang et al. 2013) . The errors of kinematic parameters are computed with the Monte Carlo simulation described in Sec. 4. Figure 8 shows the histogram of the rotational velocity, V , for 747 hot subdwarf stars. As described by Martin et al. (2017) , these stars display a peak at 220 km s −1 near the LSR and a tail extending into negative rotational velocities. These features have been seen in the sample of 114 sdB stars analysed by Altmann et al. (2004) as well as in the sample of 398 DA WDs from the SPY project (Pauli et al. 2006) . These indicate that the rotational velocities of the vast majority of these stars are similar to disk stars.
Galactic velocities and velocity dispersion
The U − V velocity diagram is a classical tool for kinematic investigations. The distribution of our sample in the U − V velocity diagram is shown in Fig. 9 . As shown in Figure 1 in Martin et al. (2017) , two dotted ellipses denote the 3σ−limits of thin and thick disk WDs (Pauli et al. 2006) , respectively. There are about 72% of our stars located in the 3σ−limit of thin disk stars, 15% lie in the region between the 3σ−limits of thin and thick disk stars and 13% are located outside of the 3σ−limit of thick disk stars. He-deficient stars tend to group around the LSR, while He-rich stars are wildly scattered in the whole region.
The kinetic energy 2E kin /m = U 2 + V 2 + W 2 versus rotational velocity (V ) diagram, is another important tool to analyse the kinematics of these stars, and displayed in Fig. 10 . The higher the value of the kinetic energy 2E kin /m, the more elliptic is the orbit of the star. The parabolic curves mark the isovelocity curve V ⊥ = (U 2 + V 2 ) 1/2 in Fig. 10 . For low values of V ⊥ , the deviation from LSR provides information about the kinetic temperature. As shown in Martin et al. (2017) , most of stars group around the LSR on a "banana" shaped region alongside the V ⊥ = 0 km s −1 isovelocity curve, which means that they are kinematically cool. Another interpretation for this clustering is that most stars are near their orbital turning points (Altmann et al. 2004) . One can also see that a few stars are located further away from the V ⊥ = 0 km s −1 contour, in which He-rich stars with log(y) ≥ 0 have a higher proportion. These stars are kinematically hot and likely to have a more eccentric orbit. Moreover, the sample also shows a sharp cut near 110 km s −1 . Stars located at the left of this velocity are more sparser than those at the right of this V ⊥ and they belong to the halo population (Altmann et al. 2004) . In this region, He-rich stars with log(y) ≥ 0 have also very high proportion.
The mean values and standard deviations of the galactic velocities for the four hot subdwarf helium groups are listed in Table 4 . He-rich stars with log(y) ≥ 0 exhibit the largest standard deviation of the galactic velocity components and He-rich stars with −1 ≤ log(y) < 0 display the second largest standard deviation. The two groups of He-deficient stars show a similar values of standard deviation. To conclude, He-rich hot subdwarf stars with log(y) ≥ 0 show a diverse range of kinematic velocities, which indicates that these stars are likely from different formation channels. The triples with a hot subdwarf star component had been discovered (Heber et al. 2002; Barlow et al. 2012; , but they may only make a very small contribution to the kinematic diversity. Raghavan et al. (2010) showed that nearly 26% of all solar-type binaries are in hierarchical triples. However, found a fraction of 2.1% for triples in their hot subdwarf binary sample. To keep long term stability, the hierarchical triples mainly produce the hot subwarf binaries with a third component in a wide orbit (Han et al. 2002; Hajdu et al. 2019) . Aside from potentially advancing the formation process via the Kozai mechanism, the hierarchical triples have no effects on the formation of hot subwarf stars via the binary evolution channels (Barlow et al. 2012) . The wide outer orbit may only cause a very small velocity dispersion. The kinematic diversity may be further complicated by dynamical interactions, like stars that were ejected from hierarchical triple systems. However, the probability of these events is very low for field hot subdwarf stars.
6. GALACTIC ORBITS
Calculation of orbits
The orbits were calculated using Galpy, a Python package for galactic dynamics calculations (Bovy 2015) . We took the Milky Way potential "MWpotential2014" for our orbit integrations. The standard MWpotential2014 has a power-law bulge with an exponential cut-off, an exponential disk and a power-law halo component (Bovy 2015) . The distance of the Sun from the Galactic Center is set to be 8.4 kpc and the velocity of the LSR is taken to be 242 km s −1 (Irrgang et al. 2013 ). The time of orbit integration was set to 5 Gyrs in steps of 1 Myr. Fig. 11 shows an example, where R = √ X 2 + Y 2 is the radius of the motion in the galactic plane. From the shape of the orbits we extracted the apocentre (R ap ), pericentre (R peri ), eccentricity (e), maximum vertical amplitude (z max ), normalised z-extent (z n ) and z-component of the angular momentum (J z ). These quantities are listed in Table 5 . R ap and R peri are the maximum and minimum distances from the Galactic centre. We defined the eccentricity by
and the normalised z-extent by
where R is the galactocentric distance. The errors of orbital parameters are obtained with the Monte Carlo simulation described in Sec. 4. For each star 1 000 sets of input values with a Gaussian distribution were simultaneously generated and the output parameters together with their errors were computed. Table 5 gives the mean values and standard deviations of the orbital parameters: eccentricity, normalised z-extent, maximum vertical amplitude, apocentre and pericentre. He-rich stars with log(y) ≥ 0 show the largest standard deviation values for these orbital parameters in all four hot subdwarf helium groups. Figure 12 shows histograms of the eccentricity distributions of the four hot subdwarf helium groups. He-deficient stars have a peak around e ≈ 0.2, where the majority of disk stars are located. While He-rich stars display a distribution that is spread over the whole range. These findings are in good agreement with the results of Martin et al. (2017) .
The orbital parameters
Both the eccentricity and the z-component of the angular momentum are important orbital parameters to distinguish different populations. The J z − e diagram is shown in Fig. 13 . We also plotted the two regions defined by Pauli et al. (2003) : Region A confines thin disk stars clustering in an area of low eccentricity, and J z around 1 800 kpc km s −1 , Region B encompasses thick disk stars having higher eccentricities and lower angular momenta. Outside of these two regions, we defined a region C, in which there are halo star candidates. Figure13 shows a continuous distribution of stars from Region A to Region B and there is no obvious dichotomy. Only a few stars lie in Region C and they show a noticeable gap between Region B and Region C. These are in good agreement with the findings of Bovy & Rix (2013) .
GALACTIC POPULATION CLASSIFICATIONS
The U − V diagram, J z − e diagram and the maximum vertical amplitude were used to distinguish the populations of hot subdwarfs. Following Martin et al. (2017) , we adopted the classification scheme of Pauli et al. (2003 Pauli et al. ( , 2006 and added the vertical scale height Z ∼ 1.5kpc for thick disk stars as the cut-off height of the thin disk (Ma et al. 2017 ). All orbits have been visually inspected to supplement the automatic classifications. We applied the following check-list to ensure correct population assignments:
1. Stars that belong to the thin disk lie within the 3σ thin disk contour in the U − V diagram and Region A in the J z − e diagram. The extensions of their orbits in the R and the Z−directions are small and have z max < 1.5 kpc.
2. Stars situated within the 3σ thick disk contour and in Region B have been classified as thick disk stars. Their orbits are more extended in the R and the Z−directions than that of thin disk stars, but they do not cover such a large region as halo stars.
3. Stars that lie outside Region A and B as well as outside the 3σ thick disk contour are classified as halo stars. Their orbits show high extensions in R and Z. Stars with an extension in R larger than 18kpc, or the vertical distance from the Galactic plane Z larger than 6kpc, are also qualified as halo stars. Table 6 lists the number of stars in the four hot subdwarf helium groups classified as halo, thin or thick disk stars and Figure 14 shows their fractions in the halo, thin disk and thick disk. In fact, the different Galactic populations (thin disk, thick disk, and halo) represent different stellar population ages (Xiang et al. 2017) . With binary population synthesis (Han et al. 2002 (Han et al. , 2003 , Han (2008) presented the fractions of hot subdwarf stars from three different formation channels (stable RLOF, CE ejection, and the merger of double HeWDs) at various stellar population ages. The distribution of stars in the T eff − log g and T eff − log(y) diagrams argue that He-rich hot subdwarf stars with log(y) ≥ 0 origin mainly from the merger channel. Figure 14 reflects that the fraction of hot subdwarf stars with log(y) ≥ 0 increases from ∼ 10% in the thin disk to ∼ 33% in the halo, which agrees with the predictions of the merger channel.
For He-deficient stars, we outlined two groups in the T eff − log g and T eff − log(y) diagrams separated by a gap in He abundance at log(y) = −2.2. As already discussed in section 3.4, the formation channels of these two groups are not fully understood in light of the currently available observations. The fraction of He-deficient stars with −2.2 ≤ log(y) < −1 decrease from ∼ 34% in the thin disk to ∼ 26% in the halo, which is in good agreement with the predictions of the CE ejection channel. While the fraction of He-deficient stars with log(y) < −2.2 decrease from ∼ 50% in the thin disk to ∼ 40% in the halo. The low fraction of He-deficient stars with log(y) < −2.2 in the thin disk is mainly due to a selection effect in our sample. All the kinematic sample was selected by setting the criterion of (G BP − G RP ) 0 < −0.36, which is suitable to decrease the pollution from binary systems, but also sorts out He-deficient stars at the low temperature side and underestimates their fraction. When the selection effect is taken into account, the fraction of He-deficient stars log(y) < −2.2 agrees with the predictions of the stable RLOF channel.
However, as described by Martin et al. (2017) , the formation of He-rich hot subdwarf stars with −1 ≤ log(y) < 0 is also a puzzle. The fraction is ∼ 7% in the halo after decreasing from ∼ 7% in the thin disk to ∼ 4% in the thick disk, which implies that He-rich hot subdwarf stars with −1 ≤ log(y) < 0 in thin disk and halo may have different formation channels. Population synthesis results by Zhang et al. (2017) show that the formation of hot subdwarf stars via the merger channel of HeWD+MS occurs at a rate of about 20% that of stars with log(y) ≥ 0 generated by the HeWD+HeWD merger channel. But this formation channel produces only 40% of He-rich hot subdwarf stars with −1 ≤ log(y) < 0. The relative number ratio of He-rich hot subdwarf stars with −1 ≤ log(y) < 0 and log(y) ≥ 0 monotonously decreases from 69% in the thin disk to 20% in the halo. This relative number ratio in the halo is more than twice the population synthesis results presented by Zhang et al. (2017) , even more than six times in the thin disk, which implies that the formation channel of HeWD+MS mergers may not be the main contribution of hot subdwarf stars with −1 ≤ log(y) < 0.
CONCLUSIONS
With Gaia DR2 and LAMOST DR5, we have spectroscopically identified 924 hot subdwarf stars, among which 32 stars show strong composite spectra. We have measured the atmospheric parameters (effective temperature T eff , surface gravity log g, and He abundances y = n(He)/n(H)) of 892 single-lined stars by simultaneously fitting the profiles of H and He lines in the wavelength range of 3800 − 7200Å using synthetic spectra computed from non-LTE Tlusty model atmospheres. The physical properties of the stars have been discussed based on their positions in the T eff − log g and T eff − log(y) diagrams. We outlined four hot subdwarf groups in the T eff − log g diagram through our He abundance classifications. Two well defined He-deficient star groups can be located in the EHB band, at the two sides of the observed boundary between p−mode and g−mode sdB pulsators. Due to the larger hot subdwarf sample than in LAMOST DR1, He-rich stars with log(y) ≥ 0, as well as intermediate He-rich stars with −1 ≤ log(y) < 0 show up more clearly. The latter group was not noticeable in LAMOST DR1 (Luo et al. 2016) . Over half of the He-rich stars with log(y) ≥ 0 are found below the HeMS. In the T eff − log(y) diagram, our sample reveals the two known parallel sequences with an overall tendency of having higher helium abundances at higher temperatures. However, in the first trend He-rich stars with log(y) ≥ 0 appear to follow an opposite trend and He-rich stars with −1 ≤ log(y) < 0 deviate from the best-fitting trend. These results are consistent with previous reports (Hirsch 2009; Németh et al. 2012; Luo et al. 2016; Lei et al. 2018) .
We also presented the space distributions of the 892 single-lined stars in the Milky Way. The vast majority of the stars are found to group within |Z| ≤ 1.5 kpc and shows a sharp cut-off at |Z| ∼ 1.5 kpc. He-deficient and He-rich stars exhibit different space distributions. At |Z| ≤ 1.5 kpc, He-deficient stars have a higher space density than He-rich stars. The two groups of He-deficient stars show similar space distributions, but the two groups of He-rich stars display noticeable differences in their space distributions. At |Z| > 1.5 kpc, He-rich stars with log(y) ≥ 0 have a higher space density than the ones with −1 ≤ log(y) < 0. These results indicate that the two groups of He-rich stars are from different formation channels.
We have selected 747 hot subdwarfs in the region of (G BP − G RP ) 0 < −0.36 for a kinematic study by using the V − J versus J − H diagram. Their space motions and Galactic orbits were computed with the parallaxes and proper motions published by Gaia DR2 and radial velocities measured from LAMOST DR5 spectra. He-rich stars with log(y) ≥ 0 show diverse space motions and the largest standard deviations of the space velocity components. We also presented a kinematic population classification of the four hot subdwarf helium groups based on their positions in the U − V velocity diagram, J Z −eccentricity diagram and their Galactic orbits. Compared to the predictions of the binary population synthesis by Han (2008) , the relative numbers of the four hot subdwarf helium groups in the halo, thin disk, and thick disk suggest that He-deficient stars with log(y) < −2.2 likely origin from the stable RLOF channel, He-deficient stars with −2.2 ≤ log(y) < −1 from the CE ejection channel, and He-rich stars with log(y) ≥ 0 from the merger channel of double He white dwarf stars. Comparing our results to the predictions of the population synthesis by Zhang et al. (2017), we find that the channel of helium white dwarf mergers with low mass main sequence stars may not be the main contribution of the production of He-rich stars with −1 ≤ log(y) < 0, especially in the thin disk.
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